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We here report an improved experimental technique for the determination of Young's
modulus and uniaxial strength of extracellular bone matrix at the single micrometer scale,
giving direct access to the (homogeneous) deformation (or strain) states of the tested
samples and to the corresponding mechanically recoverable energy, called potential or
elastic energy. Therefore, a new protocol for Focused Ion Beam milling of prismatic non-
tapered micropillars, and attaching them to a rigid substrate, was developed. Uniaxial
strength turns out as at least twice that measured macroscopically, and respective
ultimate stresses are preceded by hardening elastoplastic states, already at very low load
levels. The unloading portion of quasi-static load–displacement curves revealed Young's
modulus of 29 GPa in bovine extracellular bone matrix. This value is impressively
conﬁrmed by the corresponding prediction of a multiscale mechanics model for bone,
which has been comprehensively validated at various other observation scales, across
tissues from the entire vertebrate animal kingdom.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
nd/4.0/).
en.ac.at (C. Hellmich).1. Introduction
Inelastic deformation of bone material is often associated with
the formation and evolution of microcracks, exhibiting a char-
acteristic size of some tens of micrometers (Schafﬂer et al., 1994,1995; Wenzel et al., 1996; O'Brien et al., 2000; Chapurlat et al.,
2007). These microcracks are already found in bone samples
harvested from speciﬁc anatomical sites, as was evidenced for
human adult ribs (Schafﬂer et al., 1994; O'Brien et al., 2000),
human femur (Schafﬂer et al., 1995), human vertebral bone
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(Chapurlat et al., 2007); and they grow under homogeneous
loading of millimeter-sized bone samples in fatigue tests (Reilly
and Currey, 1999; Akkus and Rimnac, 2001; O'Brien et al., 2003;
Nicolella et al., 2011). The aforementioned microcracks are
thought to interact with tens-of-micrometers-sized objects, such
as lacunar pores (Reilly and Currey, 1999; Hamed and Jasiuk,
2013) or cement lines around osteons (Hamed and Jasiuk, 2013;
Katsamenis et al., 2013; Nobakhti et al., 2014). It is theoretically
well accepted that no cracks occur at the single nanometer scale
(Gao et al., 2003), and this is in accordance with transmission
electron micrographs of single bone mineral crystals (Ziv and
Weiner, 1994; Kim et al., 1995, 1996; Zylberberg et al., 1998; Su
et al., 2003). Comparatively, the situation at the single-micron
scale is only vaguely investigated, and therefore, rather poorly
understood. The reason for this is twofold: (i) a purely theoretical
investigation as in the case of hydroxyapatite is a tremendous
challenge due to the complex micro-heterogeneous nature of the
material at the single microns-scale; (ii) experimental app-
roaches undertaken at that scale, such as the many nanoinden-
tation campaigns during the last two decades (Ko et al., 1995; Roy
et al., 1996; Rho et al., 1997, 1999a,b; Hofﬂer et al., 1997; Turner
et al., 1999; Rho and Pharr, 1999; Zysset et al., 1999; Fan et al.,
2002; Hengsberger et al., 2002; Ebenstein and Pruitt, 2006), exhibit
strong stress and strain gradients. Namely, the latter impede
direct determination of continuum mechanical properties like
stiffness or strength, which are, by deﬁnition (Salencon, 2001;
Zaoui, 2002), related to homogeneous stress or strain states
imposed onto a representative volume element of solid matter.
In order to overcome this problematic situation, an increasing
number of researchers have more recently been investing into
the Focused Ion Beam (FIB) milling technique, allowing them to
carve out micropillars from a surrounding substrate. Some of
them carved out horizontally oriented beams, which were then
subjected to bending deformations (Jimenez-Palomar et al., 2012;
Chan et al., 2009). Retrieving elastic properties from such, strictly
speaking, structural tests inducing inhomogeneous stress and
strain states requires the use of beam theories and respective
inherent assumptions. In order to do without the latter, many
researchers have produced vertically oriented pillars, and have
compressed them by ﬂat punches, so as to induce quasi-
homogeneous stress states within the aforementioned micro-
pillars (Barnoush et al., 2010; Battaile et al., 2012; Dietiker et al.,
2011; Frick et al., 2007, 2008a,b; Kheradmand et al., 2013;
Kirchlechner et al., 2011; Monnet and Pouchon, 2013; Nagoshi
et al., 2013, 2014; Ng et al., 2011; Ng and Ngan, 2008; Raghavan
et al., 2012; Schneider et al., 2009, 2011, 2013; Schwiedrzik et al.,
2014; Stewart et al., 2012; Yang et al., 2009; Zhang et al., 2010).
However, even if the problems of pillar tapering (a phenomenon
which restricts stress and strain homogeneity to the pillar cross
sections, while the stress magnitudes within the pillar decrease
with increasing distance from the ﬂat punch) are solved, see e.g.
Kinashi et al. (2014), Kirchlechner et al. (2011), Mutoh et al. (2013),
and Nagoshi et al. (2013, 2014) for the production of non-tapered
pillars, then these tests still do not allow for direct determination
of stiffness or strength values, since the machine-measured
displacements of the quasi-rigid punch do not only relate to
the deformations of the pillar itself, but also to those of the
elastic half space below. The current contribution aims at meet-
ing exactly this last challenge on the way to a truly continuummechanical test at the single-micron scale, and to apply a
correspondingly developed experimental protocol to bone. In
more detail, the challenge lies in the production of non-tapered
micropillars, and in detaching them from the original (deform-
able) substrate, so as to plant them onto a rigid substrate. To the
very best knowledge of the authors, this has never been reported
before – and the remainder of the paper is devoted to a concise
description of the protocol, and a ﬁrst batch of results obtained
on miniature samples harvested from bovine cortical bone.2. Materials and methods
2.1. Sample production
In order to arrive at the targeted non-tapered micropillars
welded to a rigid substrate, the following sequence of proces-
sing steps was realized: ﬁrst of all, a portion of an 18 month-old
bovine femur was obtained from a local butcher [see Figs. 1(a)
and 3(a)]. A hand saw was used to cut the aforementioned
portion along the long bone axis, yielding smaller parts as seen
in Figs. 1(b) and 3(b). Then, ten slices of approximately 1mm
thickness were cut, by means of a diamond saw (Isomet,
Buehler, USA), from the aforementioned smaller parts. Thereby,
the cutting direction was orthogonal to the long bone axis [see
Figs. 1(b) and 3(b)]. Afterwards, the aforementioned slices [see
Fig. 3(c)] were cut into again smaller pieces with dimensions of
approximately 721mm [see Fig. 3(d)], and the latter were
then kept frozen at 20 1C (Fölsch et al., 2011; Nazarian et al.,
2009; Linde and Sørensen, 1993), in order to preserve their
mechanical properties throughout the time lag between slice
production and investigation of their single micron-scale elas-
ticity and strength. For the latter purpose, the small pieces
were, one after the other, unthawed and processed separately,
in order to reduce the time of exposure to potentially harming
environmental factors. FIB-milling is done under vacuum, and
in order to prevent (i) possible vacuum pump-induced forma-
tion of drying cracks in the investigated specimens (Jimenez-
Palomar et al., 2012), (ii) their negative charging under the SEMs
electron beam (resulting in beam deﬂection, which may cause
loss of resolution or astigmatism) (Bourne, 1972), as well as (iii)
FIB-induced positive charging (which may lead to “surface
melting” caused by incident Gaþ ions) (Nalla et al., 2005;
Stokes et al., 2006; Drobne et al., 2007), each of the platy pieces
described before, was coated by a 17 nm thick gold-palladium
sheet (SC502-314B target, Quorum Technologies Ltd, East Sus-
sex, United Kingdom) using the Q150T S High Resolution
Sputter Coater (Quorum Technologies Ltd, East Sussex, United
Kingdom).
The next major task was to mill, out of the aforementioned
pieces, tiny micro-pillars in the Quanta 200 3D DualBeam (FEI,
Hillsboro, Oregon, USA). The latter system is equipped with a
vacuum chamber, an adjustable sample stage, a Focused Ion
Beam (FIB), a Scanning Electron Microscope (SEM), and an in-
built nano-manipulator (Kleindiek Nanotechnik GmbH, Reu-
tlingen, Germany). The ﬁrst Quanta-related processing step
concerns its pin-mount sample holder to which both one of
the tiny bone pieces and a silicon wafer (which would serve a s
future “rigid” substrate for the micropillar samples) were
glued, by means of a conductive silver adhesive (Plano GmbH,
Fig. 1 – Sample preparation steps: (a) a portion of bovine femur as obtained from a local butcher; (b) cutting of an
approximately 1 mm thick slice; (c) bony piece and silicon wafer glued to a pin-mount sample holder; (d) pin-mount sample
holder mounted on the stage of FIB-milling device via the cubical adapter, which is attached to the stage by means of “pin I”
[see Fig. 2(a)]; this enables FIB-milling parallel to the long bone axis, i.e. cutting the side walls of a pillar; (e) bony piece rotated
by 901 as compared to (d), through attachment of the adapter to the stage by means of “pin II” [see Fig. 2(b)]; this enables FIB-
milling perpendicular to the long bone axis, e.g. cutting off the sample.
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needs to be able to be located within the Quanta instrument
both orthogonal and parallel to the ion beam, in order to allow
for cutting both the side walls and the bottom surface of the
desired micropillar specimens. Since both of the aforemen-
tioned conﬁgurations cannot be realized by means of tilting
the Quanta stage (which allows orthogonality and obliquity,
but not parallelity of the sample plate and the ion beam), a
cubical adapter was designed, see Fig. 2. It carries the pin-
mount sample holder, through a hole with screw ﬁxation, on
one of its faces, and can then be ﬁxed, by means of one out of
two orthogonal pins, to the Quanta 200 stage. One of these two
pins is positioned on the cube's face which is opposite of that
hosting the sample plate, and the other one on a face
orthogonal to the two aforementioned faces; these two pins
are denoted as “pin I” and “pin II” in Fig. 2. The respective
plate-adapter compound was then attached to the stage, ﬁrst
by means of “pin I”, in order to enable milling in axial bone
direction, deﬁning the long axis of the pillars to be produced
[see Figs. 1(d) and 2(a)].
Then, the top surface of the bony piece was carefully
scanned, so as to identify a plain area, which did not show
any traces of lacunar or canalicular pores cut during the
sawing process. Naturally, this scanning procedure alone does
not rule out the sheer possibility of the presence of canaliculi
or lacunae inside the samples to be produced. In the end, the
presence of such pores, which are not negligible in size when
compared to the ﬁnally FIB-produced micropillars, wouldexpress themselves in very low stiffness and strength values
of the latter, when compared to non-porous pillars. Respective
details are given in the Results section. Particularly, three
quadratic areas with roughly 3 μm side length were chosen in
the immediate proximity of the edge shared by the top surface
and the diamond saw-cut (1 mm high) “front wall” of the bony
piece [see Fig. 3(d)]. These areas were coated, by means of a
0.3 nA current, with platinum (Pt), so as to protect the bony
material underneath, while FIB-cleaning the aforementioned
“front wall” by means of a 3 nA gallium (Gaþ) beam oriented in
the longitudinal bone direction [see Fig. 3(e) for a schematic
drawing]. Afterwards, the material surrounding the three other
sides of the platinum-coated areas was removed by means of
FIB-milling with a 3 nA gallium ion beam [see Fig. 3(f)]: this
resulted in the production of three prismatic pillars with
temper angles of about 21 (getting thicker towards their
bottom), and with a cross-sectional area which was slightly
larger than ﬁnally desired. In order to then reach the ﬁnal
specimen shape, the side walls of the pillars under fabrication
were set at an angle of 41 with respect to the FIB column
(therefore, the stage was inclined by 21), and a 1 nA Gaþ
current was employed for correcting the initial temper angle.
This resulted in regular quadratic prisms with cross-sectional
side dimensions of roughly 1.3 μm, see Fig. 4(a,b).
In order to cut off the pillars from the remaining bone mass,
the vacuum chamber was shortly opened, the previously
mentioned self-designed adapter (with the pin-mount sample
plate attached to it) was ﬁrst removed, and then re-mounted
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Fig. 2 – Schematic illustration of how the bony piece is mounted to the stage of the Quanta 200 3D DualBeam system: (a) for
FIB-milling of the side walls of micropillars and (b) for cutting off the completely carved micropillars from the remaining
material.
+
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Fig. 3 – Schematic drawing of sample preparation steps, from cutting of the macroscopic bone until rough FIB-milling of
cuboids: (a) a portion of bovine femur as obtained from a local butcher; (b) a hand-saw-cut part of the bone, which is small
enough for subsequent diamond saw cutting; (c) 1 mm thick slice, diamond-saw-cut orthogonal to the long bone axis; (d) a
diamond -saw-cut platy piece, prepared for FIB milling; (e) FIB-cleaning of the diamond-saw-cut “front wall”; (f) rough FIB-
milling of the “side walls” and of the “back wall”; (g) roughly milled prisms with a cross-sectional surface area slightly larger
than desired, and with a temper angle of approximately 21.
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(e) and 2(b)]. After localizing the previously produced micro-
pillars using the built-in SEM, the manipulator needle was
attached to the top of the ﬁrst cuboid by means of ion-beam-
induced tungsten (W) deposition (IBID). Then the bottom of the
pillar was cut off through a 1 nA Gaþ current [see Fig. 4(c)]. The
needle together with the cut-off cuboid was then moved to the
silicon wafer positioned next to the bony slice, and the cuboidwas very carefully placed onto this wafer [see Fig. 4(d)] and
attached to it, using again an ion-beam-induced tungsten
deposition.
Subsequently, the 1 nA current was employed to separate
the top part of a pillar (still attached to the needle) from its
bottom, in order to produce a micropillar characterized by an
aspect ratio (deﬁned as height over width) of roughly four. In
case the remaining top part of the cuboid was high enough,
~250 m
~5 m ~10 m
~2 m ~20 m
~15 m
Fig. 4 – FIB-milling in Quanta 200 instrument: (a) SEM-image of the bony piece (at the bottom), of the tungsten source (left
upper corner), and of the micromanipulator needle (right upper corner); (b) SEM-image of quadratic prisms with the side walls
already separated from the surrounding material; (c) FIB-image of a lifted micropillar attached to the micromanipulator
needle; (d) FIB-image of a pillar placed on the silicon substrate and still attached to the micromanipulator needle; (e) SEM-
image of a completed micropillar placed on the silicon substrate; (f) SEM-image of ﬁve micropillars, as later tested in the
nanoindenter; FIB-milled shallow circles around each pillar help us to localize the samples with the low resolution light
microscope built into the used nanoindenter.
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the micropillar was again carefully placed onto the silicon
wafer, attached to it and the surplus part together with the
needle was cut off). Finally, the very top of each micropillar
was “cleaned” by means of Gaþ current of 0.1 nA. The whole
operation of cutting-off the prismatic specimen and placing it
on the wafer was repeated for the remaining cuboids, and
depending on the cuboids’ heights and on the overall successof the manually challenging procedure, each platy bone piece
allowed for the production of a set of two to ﬁve cortical bone
pillars with square cross-sections, welded to a silicon wafer
[see Fig. 4(e) for a single “zoomed-in” sample, and Fig. 4(f) for
a set of ﬁve samples, respectively]. As the next step, a shallow
circle was milled around each pillar, in order to enable
localization of the samples by means of the low resolution
light microscope built into the subsequently used
j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 5 2 ( 2 0 1 5 ) 5 1 – 6 256nanoindenter (TI 900 Triboindenter, Hysitron, Minnesota,
USA). Afterwards, all samples were inspected for any visible
pores or production deﬁciencies, and their height and cross-
sectional edge length dimensions were measured by means
of SEM-imaging. Finally, all pillars having passed the visual
surface inspection were then promptly tested in a nanoin-
denter, as described next. Concerning processing time, the
whole procedure, from removing a pre-cut bony piece from
the freezer until testing in the nanoindenter, did not last any
longer than 30 h. Such “drying conditions” are obviously
much less severe than exposure to high vacuum, and even
the latter has been shown to only extract the free water, but
not the bound water from (macroscopic) bone samples
(Jimenez-Palomar et al., 2012). However, micropillars without
canalicular or lacunar pore remnants contain only bound
water, so that no remarkable effect of the environmental
conditions on the tested mechanical properties is expected:
they refer to “wet extracellular (ultrastructural) bone matrix”.
Actually, Jimenez-Palomar et al. (2012) have even explicitly
shown that mechanical properties determined from micro-
pillar tests are indeed independent of the environmental
testing conditions.2.2. Mechanical testing
Each micro-pillar was compressed by a ﬂat-punch (ﬂat-ended
cone with 10 μm ﬂat-end-radius and 901 cone angle, HYS-TI-
0227, Hysitron, Minnesota, USA) under displacement-control.
More speciﬁcally, a trapezoidal load function was employed:
ﬁrst, a quasi-static sample-speciﬁc displacement rate corre-
sponding to a strain rate of 0.005 s1, which is typical for
biomaterials testing (Brynk et al., 2011; Luczynski et al., 2013),
was prescribed, up to a sample-speciﬁc maximum compres-
sive displacement corresponding to 0.05 nominal strain.
Then, the displacement was kept constant for 10 s; thereafter,
the specimen was unloaded at the same strain rate as
employed before. Raw data obtained from the nanoindenter
software in terms of prescribed displacements, and corre-
spondingly recorded forces, were converted into axial stress
and strain components, based on the specimens’ heights and
cross-sectional edge dimensions. Young's modulus of the
material making up the micropillars was derived from the
linear portion of the unloading branch of the quasi-static tests
following an earlier published protocol (Luczynski et al., 2013).
In more detail, the unloading path was split into intervalsTable 1 – Length dimensions of prismatic micropillars; sample
in Fig. 5.
Sample name Height h(μm)
a 4.46
b 4.67
c 5.11
d 4.78
e 5.05
f 5.32
g 5.07
h 5.26
i 5.03amounting to 1% of the maximum strain level achieved before
(corresponding to approximately 2 nm), and increasingly long
portions of the unloading path (in terms of multiples of the
aforementioned intervals) were linearly ﬁtted, resulting in a
portion-speciﬁc slope and coefﬁcient of determination (R2).
The slope corresponding to the unloading portion with the
highest R2 (the “most linear” unloading path) was then
considered as Young's modulus of the investigated sample.3. Results
After FIB-milling, 13 samples passed the SEM-supported
visual inspection concerning undesired pore remnants or
production deﬁciencies. These 13 samples were mechanically
tested, which showed that four samples exhibited an almost
vanishing strength, which probably resulted from undetected
processing damage or internal, and therefore invisible, lacu-
nar or canalicular pores. Thus, the mechanical tests on the
remaining n¼9 samples were further analyzed. The corre-
sponding force-to-stress and displacement-to-strain conver-
sions were based on the measured length dimensions of the
samples, as given in Table 1. They are characterized by
average values and standard deviations of h¼ 4:9770:28 μm
and a¼ 1:2770:14 μm, respectively.
The resulting stress–strain characteristics, depicted in Fig. 5,
clearly show the elastoplastic nature of the tested samples,
since the initial slope of the loading portion is always smaller
than the unloading portion's slope recorded at the maximum
applied strain, and indicated in Fig. 5 as a thick solid line. The
linear ﬁts of all unloading portions were always characterized
by a coefﬁcient of determination larger than 99%, R240:99; and
they delivered values of Young's moduli characterized by an
average and a standard deviation of E¼29.0972.39 GPa. Six
samples “failed” under the applied strain level, i.e. their stress–
strain curve did not show a monotonous increase, but max-
imum stress values, i.e. ultimate strengths, amounting to
σult ¼ 505:1787:5 MPa. The corresponding ultimate strain
amounted to εult ¼ 0:037470:0077. Three out of the nine afore-
mentioned samples withstood the applied compressive stress,
i.e. during loading the stress increased monotonously with the
applied strain. Thereby, the attained maximum stress levels
amounted to 646.4724.3 MPa – with actual strength values of
these samples being obviously higher than these values – and
the respective ultimate strains exceeding the magnitude of 0.05.labels correspond to the single stress–stain characteristics
Side length a(μm) Aspect ratio (–)
1.11 4.02
1.18 3.96
1.17 4.37
1.28 3.73
1.20 4.21
1.20 4.43
1.38 3.67
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Fig. 5 – Stress–strain characteristics derived from ﬂat punch micropillar tests; for samples failing under applied load (a)–(f), and
for samples having withstood the test (g)–(i); red solid lines indicate the slope related to Young's modulus, as derived from the
unloading branch; shifting this slope indication to the origin evidences inelastic material behavior during the loading regime;
letters from (a) to (i) indicate sample names as used in Table 1. (For interpretation of the references to color in this ﬁgure
caption, the reader is referred to the web version of this paper.)
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To our best knowledge, we presented here the very ﬁrst
quasi-static mechanical tests where homogeneous stress
and strain states were applied to single micron-sized speci-
mens made of extracellular bone matrix. Hence, they hold the
promise to extend our fundamental understanding of the
mechanical behavior of bone at the single micron observation
scale and below. Thereby, our primary focus was on the
determination of elastic properties, and in this context, we
take a strictly thermodynamic viewpoint, considering that
the mechanics of materials was successfully reconciled with
the fundamental laws of thermodynamics about half a
century ago, as is described in great detail in various standard
textbooks, such as Mandel (1966), Salencon (2001), and Lurieand Belyaev (2005). Accordingly, the elastic behavior is related
to the potential or free energy stored upon deformation in the
considered body. Upon unlaoding, this energy is transformed
into efﬁcient mechanical work done by the material sample
on its surroundings. Hence, as long as work is put into the
material system (e.g. during the loading phase in a uniaxial
test), the internal energy of this system is increased, but it is
not clear which portion of this energy may still be recovered
in terms of efﬁcient mechanical work, and which portion is
”lost” into heat (through dissipation). Hence, only the unload-
ing portion gives direct access to the recoverable mechanical
work, and consequently, to the elasticity of the material. If a
material behaves purely elastically throughout a uniaxial test
comprising loading and unloading regimes, then the loading
and unlaoding branches in the stress–strain diagram fully
coincide – this is not the case in our present study. If a
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elastic limit, and shows dissipative (typically plastic) behavior
afterwards, then the loading and unloading branches in the
stress–strain diagram are still parallel – also this is not the
case in our present study, where there is a remarkable
difference between the loading and the unloading portions
of the recorded force-to-displacement diagrams. Right from
the beginning of the loading phase, more work is put into the
system than would ever be recovered upon unloading –
hence, the entire loading branch is of elastoplastic nature;
more precisely, of hardening elastoplastic nature, since the
stresses increase in magnitude upon increased deformation
of the tested sample. The work recovered during unloading,
on the other hand, gives access to the elastic energy which
has been stored within the sample during the loading phase,
and hence to its modulus of elasticity (in a strict thermo-
dynamic sense). In this context, it is probably useful to
mention a terminological issue arising with simulations in
the ﬁeld of bone biomechanics: unloading protocols, as used
for more than two decades in the course of nanoindentation
studies (Oliver and Pharr, 1992; Rho et al., 1997), deliver truly
elastic properties. On the other hand, moduli derived from
the loading portion of a stress–strain curve actually also
contain information on inelastic, most probably plastic,
deformation events. Consequently, if such moduli are used
in formally “elastic” linear Finite Element analyses, as e.g.
reported by Bevill and Keaveny (2009), then they represent,
from a strictly physical standpoint, the material behavior
known as “linear elasto-plastic hardening” (Coussy, 2010).
Still, the discussion on deriving elastic moduli from the
unloading branches of our uniaxial tests might well be
extended by another intriguing subtlety, related to the ques-
tion on whether the rather ideally plastic, or even slightly
softening regimes in the stress–strain diagram, i.e. those
portions where zero stress increments or slightly negative
stress increments are related to strain increments further
increasing the overall deformation, might have an detrimen-
tal effect on the elastic properties – this phenomenon is
normally called damage in a mechanics of materials context
(Kachanov, 1986), and it is explained as the effect of crack
propagation within the tested material sample, as was also
shown in the framework of micromechanics theory (Pichler
et al., 2007). Such damage phenomena would be reﬂected by
elastic moduli which decrease with increasing maximum
load level which would have been attained in the uniaxial
tests, see e.g. Hansen and Schreyer (1994) for an in-depth
theoretical formulation of how the free (elastic) energy may
depend on the degree of damage. However, such a systematic
correlation between maximum load level and unloading
modulus cannot be inferred from the curves depicted in
Fig. 5. This proposes that no major cracking events occur
during loading, and that the elastic moduli derived from the
unloading portion of the stress–strain curves refer to a
virtually undamaged material. This is fully consistent with
reports on bone microcracking, all of these showing cracks
larger than single microns (Schafﬂer et al., 1994, 1995; Wenzel
et al., 1996; O'Brien et al., 2000; Chapurlat et al., 2007); and
which is also conﬁrmed with earlier propositions to consider
frictional or elastoplastic events as the origin of bone
strength (Tai et al., 2006; Fritsch et al., 2009b; Ritchie, 2011).The absence of “damage” (as synonym of crack formation)
was also implied from earlier tests made on tapered bone
micropillars un-detached from the underlying (and also
elastoplastic) half-space (Schwiedrzik et al., 2014). Moreover,
it is notable that our measured strength values of extracel-
lular bone matrix are by a factor of about 2.5 higher than
those measured macroscopically (Burstein et al., 1972; Reilly
et al., 1974; Cezayirlioglu et al., 1985). However, these quite
surprisingly high values can still be seen just as lower bounds
for the actual strength of the material, since some samples
reached higher stress levels without even failing.
Yet, the strongest novelty of our results may be the possibility
to directly determine Young's modulus of the extracellular
matrix, amounting to E¼29.0972.39 GPa in bovine tibial bone.
Since we are not aware of similar tests, we cannot directly
compare this number to one obtained in earlier experiments.
Nevertheless, we may check the relevance of this number by
comparing it to the numerical prediction of a suite of mathema-
tical models (Hellmich and Ulm, 2003; Morin and Hellmich, 2013;
Morin et al., 2013; Morin and Hellmich, 2014), which consistently
integrate a wealth of biochemical, biophysical, and biomechani-
cal data gathered in different laboratories on different bones of
differently aged organisms, and different anatomical locations.
The premise of these microstructural and micromechanical
theories and corresponding mathematical models is that the
mechanical properties of bone at different length scales can be
predicted from the tissue-independent (universal) mechanical
properties of the elementary building blocks of bone (hydroxa-
patite, collagen type I, gel-type water with non-collagenous
organics), and their “universal” mechanical interaction patterns,
while only their dosages are tissue-, age-, and anatomical
location-dependent. But even these dosages follow yet another
“universal” rules, affecting the collagen-to-mineral rations actu-
ally realized in mineralized tissues (Vuong and Hellmich, 2011),
the mineral concentration in the extra-collagenous space
(Hellmich and Ulm, 2003), or the ﬂuid-to-solid phase transforma-
tion during mineralization (Morin and Hellmich, 2013; Morin
et al., 2013). All these “universal” characteristics are in line with
very many experimental results, comprising demineralization/
ashing/de-collagenozation/drying test (Hammett, 1925; Chick
et al., 1926; Burns, 1929; Gong et al., 1964; Biltz and Pellegrino,
1969; Lees, 1987, 2003; Lees et al., 1995), X-ray and neutron
diffraction tests (Bonar et al., 1985; Lees et al., 1984) as well as
ultrasonic and mechanical tests (Currey, 1959; Burstein et al.,
1972; Reilly et al., 1974; Burstein et al., 1976; Lees et al., 1979, 1983,
1994; Lees, 1982; Cezayirlioglu et al., 1985; McCarthy et al., 1990);
and the developed micromechanical theories hold for properties
such as elasticity (Hellmich et al., 2004a,b; Fritsch and Hellmich,
2007); poro-elasticity (Hellmich and Ulm, 2005a,b; Morin and
Hellmich, 2014); strength (Fritsch et al., 2009a) and creep
(Eberhardsteiner et al., 2014) properties. Altogether, they imply
that it is solely the extracellular mass density which by far
governs the extracellular stiffness. In this context, we here adopt
a mass density amounting to 2.0470.04 g/cm3 (mean value7s-
tandard deviation), which was obtained from weighing of 22
samples tested by Lees et al. (1979). It may be surprising that this
value is high as compared to BMD values for bovine cortical
bone: the latter are normally determined from X-ray absorptio-
metry (Sasso et al., 2008), and they typically amount to 1.4 g/cm3.
However, the values of 2.0 g/cm3 and 1.4 g/cm3 actually ﬁt
j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 5 2 ( 2 0 1 5 ) 5 1 – 6 2 59together very well, since BMD stands for “Bone Mineral Density”,
i.e. the mass of mineral per entire volume of bone matrix, a
quantity also termed “apparent mass density of mineral”. In fact,
the demineralization tests of Lees et al. (1979) on exactly the
aforementioned samples with 2.04 g/cm3 mass density provide
yet another access to this apparent mass density of the mineral,
delivering again a value around 1.4 g/cm3, for details on experi-
mental protocols and corresponding evaluation schemes, see e.g.
Vuong and Hellmich (2011). Inserting the aforementioned tissue
mass density values of Lees et al. (1979), which agree very well
with X-ray absorptiometry data revealing apparent mineral
densities in bovine cortical bone, into the micromechanical
formulation of Morin and Hellmich (2014) delivers Young's
modulus of Emodel ¼ 30:072:9 GPa; which impressively conﬁrms
the relevance of our results obtained from unloading non-
tapered micropillars. Namely, a one-way ANOVA performed on
these 22 values stemming from the model and 9 values stem-
ming from the conducted micro-pillar unloading tests indicates
clearly (p40:39) that all these 31 values stem from the same
statistical population. Conclusively, our unloading experiments
performed on micro-pillars fully conﬁrm the elastic properties of
extracellular bone, as expected from a comprehensive micro-
mechanical theory integrating biochemical, biomechanical, and
biophysical information collected over one century at various
laboratories.Acknowledgments
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